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Pr oligodendrocytes have been described in cultures and 
tissue prints of adult human white matter (Armstrong et al., 
1992). To characterize further these precursors of human 
oligodendrocytes, we have investigated whether they ex- 
pr ss genes playing a critical role in oligodendrocyte de- 
velopment. In the intact human brain, platelet-derived growth 
factor receptor a (PDGFaR) and myelin transcription factor 
1 (MyTI) transcripts are expressed in 1-2% of cells of the 
jig dendrocyte lineage (OL), and clusters of such celts can 
be found in the periventricular region. Myelin basic protein 
transcripts containing exon 2 information (exon 2+ MBP), 
which are characteristic of the premyelinating stage, are 
det cted In 15-20% of OL cells in vivo. When OL cells are 
s parated from human white matter and allowed to regen- 
erate in vitro, a much larger proportion of these cells express 
dev lopmentally regulated genes, while exon 2- MBP and 
proteolipid protein (PLP) transcripts characteristic of mature 
OL cells appear transiently downregulated. Basic fibroblast 
gr wth factor (bFGF), even in the presence of PDGF, does 
not promote DNA synthesis in these cultured OL cells. Yet 
bFGF induces human oligodendrocytes to regenerate their 
processes rapidly in vitro and to express 04 antigens as 
w I! as exon 2+ MBP, MyTt, and PLP transcripts. While bFGF 
a celerates early regenerative processes, It also maintains 
high expression of exon 2+ MBP transcripts in OL cells for 
up to 2 weeks in vitro. In contrast, high levels of insulin In 
the absence of bFGF allow accumulation of exon 2- MBP 
and PLP transcripts in most OL cells at 2-3 weeks in vitro. 
We propose that the myelinated human brain harbors a small 
p ol of precursors of oligodendrocytes and that growth fac- 
tor-regulated phenotypic plasticity rather than mitogenic po- 
t ntial accounts for the regeneration of oligodendrocytes in 
th initial stages of demyelinating diseases such as multiple 
sclerosis. 
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In the mammalian CNS, oligodendrocytes synthesize the myelin 
sheaths that enwrap most CNS axons and allow rapid and ef- 
ficient conduction of impulses along the nerve tracts (Ritchie, 
1984). In demyelinating diseases caused by viral infection or 
autoimmune reaction, multifocal loss of myelin results in neu- 
rological dy,sfunction of varying severity (Alvord et al., 1992; 
Fazakerlcy and Buchraeier, 1992). However, oligodendrocytes 
can regenerate, form new myelin sheaths around the denuded 
axons, and restore their function (Raine et al., 1988; Ludwin, 
1 989; Dubois-Daicq and Armstrong, 1 990). This repair process 
appears more efficient in rodents than humans, although re- 
myelination can be observed in humans in the months following 
the development of lesions in multiple sclerosis (MS), a major 
neurological disease of temperate countries (Prineas ct al., 1 993). 
To elucidate the mechanisms of regeneration of CNS myelin in 
humans, wc studied the biology of the oligodendrocyte lineage 
of the adult human brain in vivo and in vitro. 

The origin of the oligodendrocytes has been extensively stud- 
ied in the rat, where they originate from a precursor cell often 
called theO-2A progenitor (Raffet al, 1983; Levison and Gold- 
man, 1993; reviewed in Raff, 1989; Richardson et al., 1990). 
Such progenitors give rise to either oligodendrocytes (O) or type 
2 astrocytes (2A) in vitro (e.g., Cameron and Rakic, 1991; Hardy 
and Reynolds, 1991; Dubois- Daicq and Armstrong, l992;Pfeif- 
fer et al., 1993). When 0-2A progenitors are grafted in vivo, 
they become oligodendrocytes but not type 2 astrocytes (Espi- 
nosa de Los Monieros cl al., 1 993). 0-2A progenitors have been 
isolated from all regions of the CNS and they bind antibodies 
to a subset of gangliosidcs (reviewed in Dubois-DaIcq and Arm- 
strong, 1992). These progenitor cells are dividing, bipolar, and 
motile cells that evolve into multipolar progenitors or preoli- 
godcndroblasts that can be identified by 04 antibody staining 
(SommerandSchachner, J98I; Pfeifferet al., 1993). Such 04+ 
progenitors then differentiate into oligodendrocytes expressing 
galactocerebroside (GC), the major glycolipid of myelin, and 
later, the major myelin proteins, MBP and proteolipid protein 
(PLP) (Dubois-DaIcq et al., 1986, 1987; reviewed in Hudson. 
1990), as well as less abundant proteins such as 2',3'-cyclic 
nucleotide 3'-phosphohydrolase (CNP). In the adull rodent CNS, 
rare '*adult" 0-2A progenitors reacting with the 04 antibody 
(or preoligodendrbblasts) can be isolated from optic nerve, spi- 
nal cord, cerebellum, and brain (ffrench-Constant and Raff, 1986; 
Armstrong et al., 1990a; Hunter and Bottenstein, 1991; Wood 
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and Bunge, 1991; Levine et a!., 1993). In the optic nerve, adiill 
0-2A progenitors differ from neonatal progenitors by their more 
complex shape, slower cell cycle, and migration speed in vitro 
(Wolswijk and Noble, 1989; Wren et a!., 1992). Such cells can 
divide and generate new oligodendrocytes following demyclin- 
ation in rodents (Ludwin, 1979; reviewed in Dubois-Dalcq and 
Armstrong, 1990). 

Much less is known about the development and regeneration 
of the oligodendrocyte lineage in human. As subcortical white 
matter is sometimes removed in neurosurgical procedures for 
focal lesions not affecting white matter, cultures enriched in 
human oligodendrocytes can be prepared from fresh CNS tissue 
(Armstrong et al., 1992; Yong and Antel, 1992). 04+ GC- 
cells (called prcoligodcndrocylcs; sec below) were recently iden- 
tified in such cultures and shown to progressively differentiate 
into oligodendrocytes (Armstrong et al., 1992). Rare cells re- 
acting only with the 04 antibody were also detected in tissue 
prints of human white matter (Armstrong cl al., 1992). While 
antibodies to glycolipids allow clear identification of oligoden- 
drocyte progenitors in the nonmyelinated developing CNS 
(Warrington et al., 1993), their use on sections of myelinated 
while matter is less reliable and the exact function of these 
glycolipids in oligodendrocyte development is unknown. 

We have therefore chosen to study the expression of genes 
that arc developmental! y regulated in precursor cells of the hu- 
man oligodendrocyte lineage (OL). One gene involved in a sig- 
naling pathway essential to 0-2A lineage development is the a 
receptor of platelet-derived growth factor (PDGFaR). PDGFaR 
is highly expressed in the developing brain and in rat neonatal 
0-2A progenitors but is barely delectable on differentiated oli- 
godendrocytes (Hart etal., 1989; McKinnonclal., 1990; Pringle 
ct al., 1992). Another gene highly expressed in cultured rat neo- 
natal 0-2A progenitors is myelin transcription factor 1 (MyTI), 
a new zinc finger protein that binds to specific regions of the 
PLP promoter and may regulate the onset of the myelination 
program (Kim and Hudson, 1992; Armstrong el al., 1993). Fi- 
nally, large myelin basic protein (MBP) transcripts containing 
exon 2 information (exon 2+ MBP) are synthesized by rodent 
cells at a prcmyelinaling stage and such transcripts are also 
detected in the developing human brain (Carson et al., 1983; 
Krislensson et al., 1986a; Kamholz et al., 1988; Jordan et al.. 
1989a; Jordan, 1990; Alliriquanl el al., 1991). These exon 2+ 
MBP transcripts are progressively replaced by alternatively 
spliced transcripts devoid of exon 2 sequences (exon 2- MBP) 
when myelination or remyelination proceeds. Simultaneously, 
PLP transcripts emerge in oligodendrocytes assembling myelin 
sheaths. Thus, analysis of expi*es.sion of PDGFaR. MyTl, early 
and malure MBP isoforms, as well as PLP in human oligoden- 
drocytes by in hybridization in vivo and in vitro should 
identify human OL cells at a precursor, prcmyelinaling, or dif- 
ferentiated stage. 

One other way to characterize functionally the cells of the 
human oligodendrocyte lineage is to study their response in vitro 
to growth factors known to promote growth and/or differenti- 
ation of rat progenitors (Armstrong et al., 1992). Platelet-de- 
rived growth factor (PDGF), a cytokine expressed by most neu- 
rons in vivo (Sasahara et al., 1991; Yeh et al., 1991), stimulates 
migration, mitosis, and survival of nepnatal 0-2A progenitors 
in vitro and allows their timely differentiation into oligoden- 
drocytes (Noble elal., 1988; Raff etal., 1988; Richardson et al.. 
1988; Armstrong et al., 1990b; Ban^s ct al., 1992; McKinnon 
ct al, 1993). bFGF is also a mitogen for neonatal oligoderidro- 



cytes and their precursors (preoligodendro blasts) but blocks their 
differentiation (Ecclcston and Silberberg, 1985; McKinnon et 
al., 1991), while insulin-like growth factor I (lGF-1) promotes 
oligodendrocyte survival and development and enhances my- 
elination in transgenic mice (McMorris et al., 1986; McMorris 
and Dubois-Dalcq, 1988; Barres el al., 1992; Carson et al., 
1993). In cultures of adult rat CNS, 0-2A progenitors divide in 
response to bFGF and PDGF alone or in combination (\yol- 
swijk et al., 1991, 1992; Vick and DeVries, 1992). while oli- 
godendrocytes can divide in response to neuronal signals (Wood 
and Bunge, 1986). In contrast, in cultures of adult human brain, 
neither preoligodendrocytes (corresponding to the adult rat 0-2A 
progenitor) nor oligodendrocytes respond to PDGF and/or bFGF 
by mitosis (Yorig et al., 1988; Armstrong ct al., 1992). The 
human 04-f- GC— precursor was therefore named preoligo- 
dendrocyte rather than prcoligodendroblast. bFGF favors the 
human preoligodendrocyte phenotype in vitro while IGF- 1 pro- 
moles dilferenliation of human oligodendrocytes (Armstrong et 
al.. 1992). There has been no report so far that the adult human 
CNS harbors cells with properties of the rat 0-2A neonatal 
progenitor cells. 

Here we present evidence thai the human myelinated brain 
contains a discrete pool of oligodendrocyte precursor cells ex- 
pressing PDGFi^R and MyTI while a larger subpopulation of 
glial cells expresses exon 2+ MBP transcripts. These transcripts 
are more widely expressed in regenerating OL cells in vitro than 
in vivo. While bFGF and PDGF fail to induce DNA synthesis 
in OL cells, bFGF is a potent inducer of regeneration of pro- 
cesses and of expression of developmentally regulated genes in 
04+ cells during the first week in vitro. Full maturation of 
cultured OL cells occurs after 2-3 weeks in the presence of high 
levels of insulin that trigger lGF-1 receptor signaling. Thus, 
specific growth factors may enhance oligodendrocyte regener- 
ation and remyelination by regulating phenotypic plasticity rather 
than milogenic activity in OL cells of the adult human CNS. 

Materials and Methods 

Source of tissues andhistopathology. Our observations are deri ved most- 
ly from the study of temporal lobe while matter of epileptic patients 
(18 specimens, ages 13-51 years) undergoing suiger>' for intractable 
epilepsy. The tissue did not include the epileptic focus. All specimens 
of patients included in this sludy were studied histopathologically (by 
courtesy of Dr. KaU at NIH and the Pathology Department at the 
Graduate Hospital of the University of Pennsylvania). There was no 
abnormality detected in two cases, while 12 other cases showed mild 
10 moderate subpial cortical and subcortical white matter gliosis. In this 
series of 18 patients, there were two cases of cortical spongiosis within 
the epileptic focus, one case of disorganization of conical layers with 
possibility of gangliocytoma, and one case of perivascular foamy mac- 
rophages in gray and while matter (white matter cells of the latter case 
were cocultured with neurons as mentioned in the discussion). Oligo- 
dendrocytes cultured from the white matter from these four patients 
behaved similarly to those of the other patients, but these cases arc not 
shown in the figures. There was no evidence of myelin breakdown or 
dysmyelination in any case studied here. 

Control CNS tissue consists of cerebellum from a 5-year-old child 
that was resected to get access to a brainstem medulloblastoma (kindly 
provided by Dr. Steve Schiff at Children's Hospital, Washington, DC), 
and temporal lobe tissue obtained at autopsy (fresh frozen, 9-9.5 hr 
postmortem) from three individuals (ages 49-61 years) who died from 
non-neuroIogical causes. This tissue was kindly provided by the Na- 
tional Neurological Research Specimen Bank al the VA Wadswonh 
Medical center in Los Angeles (Dr. W. W. Tourteloite). Most surgically 
resected tissue was obtained from patients enrolled in a study approved 
by the hospital internal rieview board. 

The epileptic tissue was divided into gray and while matter and a 
ponion of each was either immediately frozen on dry ice for cryoslal 
sectioning or placed into Dulbecco's Modified Eagle's Medium (DM EM; 
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GIBCO, Grand Island, NY) buffered with 25 rriM HEPES (GIBCO) 
containing 50 n%/m\ gentamicin (Whitaken, Walkcrsvillc, MD) for cul- 
turing. In some cases, cryostai sections of the fresh brain biopsy tissue 
were stained with antibody to CNP, kindly provided by Dr F. A. 
McMorris, Philadelphia, following a published procedure (Vogel ct al.» 
1988). 

Cuhure of OL cells. Primary cultures and cultures enriched in 01. 
cells were established largely as described before by Armstrong ct al. 
(1992). Briefly, the white mailer tissue was dissociated first enzymati- 
cally and then mechanically in order to obtain a single cell susf>ension. 
The tissue was incubated at 37*C with sequential en/yme treatments, 
twice for 20 min with solution I and once for 1 5 min with solution 2. 
Solution 1 consisted of 0. 1 25% trypsin (GIBCO), 20 U/ml papain (Wor- 
th ington. Freehold, NJ), and 0.02% collagenase type III (Worth ington) 
in minimal essential medium with 25 mM HEPES buffer (MEM-HEPES 
buffer, GIBCO); solution 2 consisted of 0.05% trypsin, 0.02% EDTA 
(GTBCO)» and 0.02% collagenase type III in MEM-HEPES. The enzy- 
matically digested tissue was then put in a third solution [20 ^g/ni! 
deoxyribonuclease I (DNase I) (Sigma. St. Louis, MO), 0.166% bovine 
serum albumin (BSA; Sigma), and 1 0% fetal bovine serum (FBS; Hy- 
clonc, Logan, UT)] and mechanically dissociated through pipettes of 
decreasing bore diameter (5 ml, 10-20 times; 1 ml, 10-20 times; and 
Pasteur pipette, 10-20 times). Cells were spun down (10 min at 1500 
rpm) and rcsuspcnded in DMEM with 10% FBS at 8 ml/mg of tissue 
and plated as drops (200 ^il) onto 35 mm pciri dishes that were precoaied 
with 5 ^ig/ml poly-D-lysinc (Sigma). After incubating cells for 2 hr at 
37°C to enhance cell attachment. 2 ml of DMEM containing 10% FBS 
was added to each dish. After 2 d //; vitro, the floating cells were collected 
and reseeded at a density double that of the initial seeding. These cells 
were fed on the following day with 1% FBS in a defined medium [DMEM 
+ 5 Mg/ml insulin. 50 np'mX trans fcrrin, 30 nM selenium, 30 nM triio- 
dothyronine (all from Sigma), 1 mM sodium pyruvate (GIBCO), and 25 
Ag/ml gentamicin; modified from Eccelston and Silberberg, 1985]. In a 
few experiments, the floating cells were collected after an additional day 
from these reseeded cultures, rcplated, and 2 d later fed as previously 
described. 

Cultures of purified OL cells were established using the procedure of 
Yong and Aniel (1992), Briefly, mechanically minced tissue (<8 mm*) 
was washed three times with phosphate- buffered saline (PBS) and in- 
cubated 30 min at 37'C with 0.125% trypsin, 20 Mg/nil DNase I in 
MEM-HEPES buffer. After dissociation by pipette aspiration as above 
and filtration through nylon gauze (133 fim mesh), FBS was added to 
a final concentration of 2%; cells were then collected by centrifugation 
(10 min, 1200 rpm) and resuspendcd in PBS. After centrifugation (30 
min, 15,000 rpm) through 30% Percoll (Sigma), the viable cell layer 
between the myelin cap and the erythrocytes was collected, washed three 
limes by centrifugation (10 min, 1 200 rpm) with 10% FBS in DMEM, 
and plated at 3-^ x I0' celts/cm- in the same medium onto uncoatcd 
25 cm- flasks. Reseeding was performed into 1% FBS in defined medium 
as already described. 

Growth factors. Human platelet-derived growth factor A chain (PDGF 
AA) (R & D Systems, Minneapolis, MN) and human basic fibroblast 
growth factor (bFOF; UBI, Uike Placid, NY) were added to the media, 
usually after the reseeding step at 2 d and occasionally from the start 
of the primary cultures. bFGF was used at 5 or 10 ng/ml. In some 
experiments 0.5-50 ng/ml bFGF was added to the medium to determine 
if the effects were dose dependent, and in other experiments a mixture 
of PDGF A A and bFGF (both at 10 ng/ml) was used and compared to 
PDGF A A or bFGF alone at the same dose. The effects of the growth 
factors were assayed in the defined medium previously described; how- 
ever, 50 ng/ml insulin (referred to in the text as low insulin) was some- 
times used instead of 5 ^t/ml of insulin (referred to in the text as high 
insulin). Every 2-3 d the growth factors were replenished at the same 
dose. Mitogenic activity of the growth factors was tested by adding 'H- 
thymidine to the cultures for 2-7 d before fixing and immunolabeling 
for 04, GC, and GFAP (sec below). At various time points after re- 
seeding, cultures were fixed for 20 min in 2% paraformaldehyde in 
MEM-HEPES and, following immunocytochemistry, dehydrated and 
then stored for in situ hybridization. In a few instances, MTT survival 
assay was performed to delect active mitochondria in living oligoden- 
drocytes as described (Barres el al., 1992). 

Triple immunolabeling combined with autoradiography for iritiated 
thymidine. Two to seven days before fixing, methyl-'H-thymidine (^H) 
(45 Ci/mM; Amersham) was added (0. 1 MCi/ml culture medium) to the 
cultures. These cultures were then fixed and triple immunofluoi'escence 



labeling combined with autoradiography of *H was performed as de- 
scribed (Armstrong el al., 1992). All fixation, staining methods, anti- 
bodies, and conjugates used here have been described before (Sommer 
and Schachner, 1981; Ranscht et al.. 1982; Bansal el al., 1989; Arm- 
strong ct al., 1992). The only change was that the rabbit anti-GFAP was 
bought from Chemicon (Temecula, CA). With this method, four dif- 
ferent cell types can be identified in the same culture: preoligodendro- 
cytcs (04 only), oligodendrocytes (04 and GC positive), type 2 astro- 
cytes (04 and GFAP positive), and type I astrocytes (GFAP only). For 
the quantitative analysis of DNA synthesis, cells of each phenotype, 
with and without 'H labeling in their nuclei, were counted in 20 randorri 
optical fields (0.88 mm-) using the 25 fluoiar oil-immersion objective 
on the axiophot Zeiss microscope. In most experiments, duplicate or 
triplicate cultures in similar conditions were analyzed. 

Inmunocytochemistry combined with in situ hybridization. The 04 
antigen in the cultures was visualized using a monoclonal antibody and 
the diaminobenzidine-glucosc oxidase method (DAB-GO) (Shu and 
Fan, 1988). Cultures were treated at room temperature (RT) with 04 
antibody diluted 1 :4 in phosphate-buffered saline (PBS). The antibody 
solution wras first treated with ribonuclease inhibitor (RNase block II 
from Stratagene, La Jolla, CA). Next, the cultures were washed with 
PBS, and incubated with biot in-conjugated goat anti-mouse IgM (Vec- 
tor, Buriingame, CA) diluted 1:200 in PBS for 1 hr; horseradish per- 
oxidase-<onjugated avidin biotin complex (Vector) 1:50 in PBS for 45 
min, followed by Tris-buffered saline: (TBS) for 15 min. Finally, the 
color reaction was developed with 0.05% DAB in TBS, pH 7.6, con- 
taining 0.4% dextrose, 0.04% ammonium chloride, 0.14% imidazole, 
and 0.5% GO (type VII; Sigma), for 10 min. Cultures were then im- 
mediately dehydrated in graded alcohols and stored at room tempera- 
ture in a dry environment until the in situ hybridization was performed. 

For some experiments on tissue sections, in 5//w hybridization was 
combined with immunofluorescence for GFAP. After the posihybri- 
dization washes, slides were again fixed for 5 min in 4% paraformal- 
dehyde, washed in PBS, blocked with 10% BSA for 30 min, washed 
again in PBS, and then incubated with anti-GFAP (see above) for 1 hr, 
followed by biptinylated donkey anti-rabbit JgG for 45 min, followed 
by A MCA for 45 min. Slides were then washed again, dehydrated, and 
air dried for autoradiography. 

In situ hybridization. The fresh-frozen biopsy tissue was sectioned at 
10-12 fi on a cryosiat, collected onto slides coated with 
3-aminopropyltriethoxysiIanc (Digcnc, Beltsville. MD), and stored al 
--70°C. All the solutions were either sterile or treated with diethyl pyr- 
ocari)onate (DEPQ to minimize degradation of mRNAs by ribonucle- 
ase. Pretreatmeni of the cultures for in situ hybridization was done 
following the protocol described by Jordan (1990). Prctreatmcnt 
of tissue sections and then the in situ hybridization for both tissue 
sections and cultures was done accotxJing to the methods described 
before for oligonucleotide probes (Jordan, 1990; Bradley et al., 1992) 
and for riboprobes (Pringie et al., 1989). The temperature of hybrid- 
ization was 37'C for oligonucleotide probes and 55'*C for riboprobes. 

Probes were prepared to detect the expression of the following genes: 
PLP, MBP (exon I and exon 2 probes), PDGFwR, and MyTI. Two types 
of probes were prepared. 

(1) Oligonucleotide probes (48-mers) were synthesized on a DNA 
synthesizer (Applied BioSystems) and end-labeled with '^S dATP 
(DuPont, Wilmington, DE) using terminal deoxynucleotidyltransferase 
before being purified wiih G-50 push columns (Stratagene) followed by 
phenol-chloroform extraction and etiianol precipitation. The human 
MBP and PLP antisense oligonucleotide probe sequences were as fol- 
lows: MBP exon 2 (Kamholz et al., 1986, Fig. 4), 5' CTTGTACAT 
GTTGCACAGCCCAGGCTGGCrrGCGGGCATGAOAGGGCAG 3'; 
MBP exon 1 , 37-84 (Kamholz et al.. 1 986). 5' CAGGTACTTGGATC- 
CGTGCCTCTGGGAGGGT(rr<:TTCTGTGACGCCAT3'; PLP 79- 
126 (Diehl et al., 1986), 5' TGTGCCAGTGAGGGCTTCATGTCTCA- 
CAGCCACAGAACAGTGCCACCCC 3'. The corresponding sense 
probes were synthesized for each of these oligonucleotide probes. None 
of the antisense probes bound to liver frozen sections. 

(2) Riboprobes were used for the detection of less abundant mRNAs 
such as the PDGFcyR and MyTI. A single-stranded ^'S-labeled RNA 
probe for the rat PDGFnrR was generated by in vitro transcription from 
a 1.5 kilobase (kb) Sacl'F\'un fragment of the extracellular domain of 
the receptor cloned into pGEMl (Pringie el al., 1992). This region of 
rat PDGFrtR hears 83.2% homology with human PDGFaR (Lee et al., 
.1990). The MyTI cDNA was cloned into a pT3T7 18U vector (Phar- 
macia) and linearized separately with EcoR K and Bgl II. This MyTI 
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Table 1. Quantitative analysis of white matter sections after in situ 
hybridization for PLP, MBP exon I, MBP exon 2, MyTI, and 
POGFfltR 



Probe 


No. of specimens 

with nn^itivp r^ll^ 


Average no. 
of cells/ 
field + SD 


PLP 


18/18 epilepsy 


30 + 6 




.V3 control 


30 ± 6 


MBP exon i 


18/18 epilepsy 


27 ± 5 




3/3 control 


28 ± 5 


MBP exon 2 


18/18 epilepsy 


5 ± 3 




3/3 control 


6 ± 2 


PDGF«R 


7/1 1 epilepsy 


0.2" 




4/4 control 


0.5" 


MyTI 


6/10 epilepsy 


0.3" 




3/3 control 


0.6- 



A loial of 18 temporal btopsie.s from epileptic patients (ages, I3-S1 years) were 
obtained, all of which were tested with PLP and MBP exon 1 and 2 probes. Of 
these biopsies, 10 and 1 1 were tested for MyTI and PDGFaR, respectively. Con- 
trols include three (two in ca.sc of MyTI) autopsy specimens from adult brain 
temporal lobes (ages, 49-6 1 years) and a child's cerebellar biopsy (age» 5 years). 
One optical field corresponds to 0.55 mm\ the number of cells binding the in- 
dividual probes were counted in 10 fields for each biopsy, and the mean number 
of positive cells (with standard deviation, SD) of all biopsies studied is shown. 
" No SO because of the small number of positive cells found. 



riboprobe is 749 base pairs (bp) long, corresponds to a cDNA region 
located downstream from the sixth zinc finger, and includes the 3' 
untranslated region (Kim and Hudson. 1992). For both of these ribo- 
probcs, ami sense and sense probes were transcribed and labeled with 
"S m vitro using T3 and T7 polymerase, respectively. 

To determine the specificity of probe binding, all in situ hybridization 
experiments on human brain crj'oslat sections and while matter cultures, 
were run in parallel with an ti sense and sense uligonucleoitde probes or 
rihoprobes. In no case did the sense probe show signal above back- 
ground. To determine whether any antisense probe would recognize 
transcripts expressed in asiroc>lcs, in situ hybridization was combined 
with immunonuorescence staining for GFAP, a specific intermediate 
filament protein of astrocytes (as described above) in 1 1 experiments 
with brain tissue sections. In no case did we find probe binding to 
coincide with the GFAP staining. Thus, glial cells of the human brain 
expressing myelin genes and genes specific for developing OL cells are 
likely to belong to the oligodendrocyte lineage. Similarly, to determine 
in which cultured glial cells specific probe binding occurred, the majority 
of human while matter cultures were labeled prior to in situ hybridiza- 
tion with the 04 antibody, which binds only to cells of the OL lineage. 
Aniisense probe binding was delected only in these 04+ cells. 

Following in situ hybridization, slides and cultures were coated with 
Kodak NTB2 nuclear track emulsion (diluted 1: 1, at 42'*C). exposed at 
4*C for up to 4 weeks, developed at 1 5*C in Kodak D 1 9, and fixed with 
Kodak fixer. The slides were then counierstained with hematoxylin 
(Sigma) diluted 1 : 1 in water arid mounted on permanent mountani. The 
slides were examined on a Zeiss microscope under both dark-field and 
bright-field objectives. Cultures were examined and photographed sim- 
ilarly. 

Quantitative analysis of in situ hybridization. For evaluation of the 
number of positive cells in cryoslat sections counierstained with he- 
matoxylin, 10 optical fields (examined with a 40x objective and mea- 
suring -0.55 mm-) were examined for each biopsy and the number of 
cells with a grain density five limes above background was counted 
before calculating the mean and SD. 

In onier to evaluate ihe eRects of bFGF on gene expression, a quan- 
titative analysis of the hybridized oligodendrocyte cultures was per- 
formed on a Zeiss microscope. An 04-positivc cell was scored positive 
if the grain density on the cell body was at least five limes higher than 
the background. Twenty random fields were counted per dish and all 
experiments were in duplicates. 



Results 

The niyelinatcd human brain contains glial cells e.xpressing 
genes characteristic of an early stage of oligodendrocyte 
developirient 

We first examined the expression of developmentally regulated 
and myelin genes in the oligodendrocyte in the adult human 
brain using in situ hybridization. Radioactive probes were ap- 
plied to cryostai sections of temporal lobe white matter of 18 
epileptic patients and four controls, which included a child*s 
cerebellum tissue (sec Materials and Methods). We first studied 
expression of myelin genes using oligonucleotide probes for MBP 
and PLP (Jordan clal., i989a; Jordan, 1990). MBP exon ! probe 
delects all MBP transcripts thai code for the 21.5, 20.2, 18.5, 
and 14 K MBPs, while MBP exon 2 probe detects only tran- 
scripts coding for the 21.5 and 20.2 K (Kamholz et al., 1987, 
1 988; Kamholz and Wrabetz, 1 992). Because all sequences spe- 
cific for the alternatively spliced MBP RNAs are also present 
in the larger transcripts (coding for the 21.5 and 20.2 K MBP), 
the signals for exon 2 must be subtracted from those obtained 
with the exon I probe to appreciate the amount of alternatively 
spliced short transcripts coding for the 18.5 and 17.2 K MBP 
(Jordan et al., I989a,b). 

in the myelinated human white matter of epileptic patients, 
we detected a mean of 30 cells per optical field expressing PLP 
transcripts and of 27 cells per optical field expressing all MBP 
transcripts detected by the exon I probe (Table 1). Immuno- 
pcroxidasc staining for CNP, a myelin protein detected in the 
oligodendrocyte cytoplasm (Vogel el al., 1988), revealed 34 ± 
6 positively stained oligodendrocytes per field (as defined in 
Tabic I) in cryostai sections of brain tissue of three epileptic 
patients and one control. It thus appears that the large majority 
of oligodendrocytes (-84%) contain transcripts for the major 
myelin genes, as expected. Glial cells expressing MBP exon 2- 
containing transcripts were five to six times less frequent than 
those expressing PLP in the human white matter (Table 1 , Fig. 
\A.C). 

The temporal white matter of the three controls and the child 
cerebellar white matter folia contained a similar ratio of MBP 
exon 2+ cells to PLP+ cells (Table I, Fig. IF-Hl No MBP 
exon 2 signal was found to be associated with astrocytes positive 
for glial fibrillary acidic protein (GFAP) in experiments on 1 1 
biopsies (Fig. 1^). Therefore, MBP exon 2+ cells are most likely 
to belong to the oligodendrocyte lineage. [It is not known wheth- 
er glial cells in the human white matter express the Golli gene 
transcripts coded by a newly described transcription unit en- 
compassing the MBP gene or at least exon I (Campagnoni et 
al., 1993; Pribyl et al., 1993).] When gray matter sections from 
three epileptic patients were hybridized with the same three 
probes used on white matter sections, many fewer cells express- 
ing either PLP or MBP transcripts were found in the cortex 
(PLP, 9 cells per optical field, ± 2 SD; MBP exon 1, 7 ± 2 SD; 
MBP exon 2, 2 ± 1 SD). These cells were frequently seen close 
to neurons and may correspond to satellite oligodendrocytes. 
The ratio of cortical cells expressing MBP exon 2 transcripts to 
those expressing ail MBP transcripts or PLP was similar to that 
observed in white matter (<20%). 

We then examined the expression of PDGFaR and MyTI 
transcripts in cortex and myelinated white matter using ribo- 
robes. Cells expressing these transcripts were very rare com- 
pared to those expressing PLP (Table 1, Fig. I A^). In control 
CNS tissue, the number of cells expressing PDGFaR (four cases) 



The Journal of Neurosclence, August 1994, M(8) 4575 




Figure L In situ hybridization on human CNS sections using '\S-Iabeled oligoprobcs for PLP {A. G) and' MBP exon 2 (fi. C, F, H) as well as 
nboprobes for MyTI (Z>) and PDGFaR {E). Sections are counterstaincd with hematoxylin except for /?. which was stained by immunofiuorescence 
for GFAP following in situ hybridization with MBP exori 2 probe. A-E, In adult white matter from epileptic patients, numerous cells-probably 
oligodendrocytes-cxpncss PLP {arrows in A), while a smaller number of cells express MBP exon 2 transcripts with variable intensity (arrows in 
B. C ). Only rare cells express MyT! or PDGFtrR mRNAs {arron's in O, £). The MBP exon 2^labeled cells do not stain with GFAP antibody 
detected by the blue coumann conjugate and are likely to belong to the oligodendrocyte lineage {B\ GFAP-positive blue astrocytes ar^ seen at the 
arrowheads). F. Adult control white matter obtained at autopsy shows MBP exon 2-positive cells {arrow) as shown in B. G and H. Cerebellar tissue 
from a 5-year-old child shows PLP signal in all oligodendrocytes in the white matter, while only a subpopulation of cells express MBP exon 2 
{arrows). Note that the granular layer is at the boUom of each micrograph. All photographs are in bright field except for B, G, and H B h a double 
exposure m bright field and UV light, while O and // are dark-field photographs. Magnification: A-C 747 x; D^F, $00^ \ GmdH 31 2x 



4576 Gogate et al. * Plasticity in Adult Human Oligodendrocyte Lineage 





Figure 2. Adjacent seciions of the periventricular region of the temporal lobe from an adult epileptic brain were hybridized with MyTl {A) and 
PDGFaR (fl) probes. The subependymal zone shows groups of MyTl- and PDGFctR-expressing cells (arrows in A and B, respectively). One 
PDGFaR-positive cell and one MyTI-posilive cell appear at some distance from the zone {arrowheads). Sense riboprobes did not produce signal 
over background. Bright-field photographs. Magnification, 206 X. 



or MyTl (three cases) transcripts was approximately double thai 
seen in epileptic tissue. However, this may not be a significant 
observation because of the small series of controls examined 
and the rarity of these positive cells. The frequency of cells 
expressing PDGF«R and MyTl was identical in cortex and white 
matter and ^ 1 2-25 times less than thai of cells expressing MBP 
exon 2-containing transcripts (Tabic 1). In both controls and 
epileptic brains, the grain density observed with PDGForR and 
MyTl probes varied from cell to cell, suggesting different levels 
of expression in individual cells; Thus the human myelinated 
white matter contains a discrete population of cells expressing 
PDGFVvR and/or MyTl. two genes developmcntally regulated 
in rat 0-2A progenitors. . 

In one case of partial temporal lobectomy for epilepsy in a 
19-ycar-old patient, a small area of the periventricular region 
was identified and hybridized with MyTl and PDGF«R probes. 
Adjacent sections revealed a row of cells in the subventricular 
7.onc containing these transcripts and localized beneath the 
ependyma (Fig. 2A,B)* One cell expressing these transcripts was 
found in the brain parenchyma at some distance from the epen- 
dyma (arrowheads in Fig. 2). As the adult subventricular zone 
can harbor glial precursors, these observations also suggest that 
PDGFrtR- and/or MyTl -ex pressing cells are preoligodendro- 
cytes. 

Deve/opmenially regulated genes are also expressed in the 
Junmm oligodendrocyte lineage in vitro 
When the myelinated human while matter is dissociated for 
culturing,:thc majority of oligodendrocytes are sheared from 
their multiple myelin internodes, which are extensions of their 
processes. Only the rare OL cells that do not have membranes 
wrapped around axons (preoligodendrocytes) may be less sheared 
in the tissue dissociation step and appear to adhere more readily 
in primary cultures (see Fig. In cultures enriched in OL 
cells, cells attach to the positively charged plastic surface and 
slowly grow processes (Armstrong ct al., 1992). To determine 
whether human OL cells regenerating in vitro also express genes 
characlerislic of an early developmental stage, we peiformed in 
situ hybridization on OL-enriched cultures at 7. 14, or 21 d 
with the same probes used on the intact human brain (Fig. 3; 



see also Fig. 6). In several experiments, OL cells were immu- 
nolabeled with the 04 antibody prior to in situ hybridization 
(Fig. 'SA-CE: see also Fig, SB-F), Type 2 astrocytes are rare in 
cultures enriched in OL cells (see Fig. 2 in Armstrong et al., 
1992), although they can occasionally divide (see below). Thus, 
the majority of 04-1- cells are preoligodendrocytes and/or oli- 
godendrocytes and will therefore be called "OL cells." 

In contrast with our in vivo observations, only a small fraction 
of OL cells (9-1 7% vs 84% in vivo) contained MBP transcripts 
(detected by exon I probe) at 7 d m vitro and this ratio varied 
from biopsy to biopsy (sec also Fig. 7 A). The ratio of OL cells 
expressing MBP exon 2 transcripts was always slightly lower 
than that of OL cells binding the MBP exon 1 probe and varied 
from 5% to 14% at 7 d (see Fig. 7/1). This suggests that the 
majority of OL cells binding the MBP probes in vitro contain 
exon 2 MBP transcripts while only 15-20% of the total oligo- 
dendrocyte population in the intact white matter expresses these 
same transcripts (Table I). As seen with MBP, only a fraction 
of OL cells expressed PLP transcripts at 7 d in vitro (Fig. 3.^; 
22%), whereas the great majority of cells identified as oligoden- 
drocytes expressed PLP in the intact white matter (Table I). In 
contrast, the great majority of OL cells (a mean of 81% in two 
biopsies; Fig. 30 expressed transcripts for PDGF<yR at 7 d (see 
Fig. 70. Similarly, a higher but variable proportion of OL cells 
(10% of OL cells in one biopsy and 29% in another) expressed 
MyTl in vitro than in the intact brain (Table I , Fig. I ). All these 
transcripts were detected only in OL cells and were localized 
mostly in the cell body and not in the processes (Fig. 3A,C: see 
also Fig. 6 A F). 

At 14 d in vitro, the proportion of OL cells expressing PLP 
and MBP transcripts had increased considerably while the initial 
high ratio of PDGF<:vR -ex pressing cells remained constant (see 
Fig. 1B,C). At 3 weeks, most oligodendrocytes with a complex 
branched phenotype expressed PLP and mature MBP messages 
when cultured in the presence of high insulin levels (Fig. 3D,E). 
At that time PLP mRN As were still restricted to the cell soma 
(Fig. 3Z>), while MBP mRNAs, detected by exon I probe, were 
also present in the processes (Fig. 3Z;), as observed in mature 
rodent oligodendrocytes (Trappetal., 1987: Jordan etal., 1989a). 

Although it is not possible to rigorously compare the in vitro 
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Figure 3. Localization of transcripts for PDCFaR and the major myelin genes, MBP and PLP, in cells of the oligodendrocyte lineage (OL) at 
different limes in viiro. All cultures were stained by immunoperoxidase with the 04 antibody prior to in situ hybridiTation except those in D After 
I Z ^ °^ processed 04+ cells contain PLP transcripts {A), while most cells bind the PDGF«R antisense probe (Q 04- 

labeled cells exposed to a PDGFaR sense probe stay unlabeled {B). After 3 weeks in cuhurt: in medium containing high insulin levels (5 M&^ml) 
most oligodendrocytes express PLP (D) and mature MBP transcripts as detected by MBP exon 1 probe (£). Note that PLP and PDGFaR arc 
restncied to the cell soma (/I, C D). while MBP transcripts are present in the cell processes {E). Bright-field photographs. Magnification* 4 D E 
206 X ; B and C 540 x . ' ' 



and hi vivo ratio of cells expressing specific transcripts, the 
emerging picture is that many more OL cells express develop- 
mentally regulated genes in vitro than in vivo. With time in vitro, 
most cultured OL cells will express myelin gene transcripts char- 
acteristic of mature oligodendrocytes. To study the process of 
regeneration further, we then investigated how certain growth 
iaclors influence the regeneration and gene expression by OL 
cells in vitro. 

bF<JF and/or PDQF do not induce mitosis of human 
preo/igodcndrocytes and oligodendrocytes in primary ami 
enriched OL cuhnres 

In the presence of bFGF alone, glial cell types other than oli- 
godendrocytes and preoligodendrocytes underwent DNA syn- 



thesis in enriched oligodendrocyte cultures as assayed by a 2- 
6 d pulse with tritiated thymidine (Fig, AA,B). Type 2 astrocytes, 
which arc the rarest cells of the 0-2A lineage encountered in 
these cultures, were found to sometimes incorporate tritiated 
thymidine with or without bFGF treatment (Fig. 4AM\F), 
Moreover, bFGF always produced a significant increase in the 
number of type 1 astrocytes in DNA synthesis as compared to 
untreated cultures (Fig. 4B). 

PDGF and bFGF can stimulate mitosis of 0-2A neonatal 
progenitors and induce a reversal from the adult 0-2A progen- 
itor to the neonatal 0-2A phenotype in adult rat optic nerve 
cultures (Bogler et al.. 1990: Wolswijk and Noble, 1992). To 
determine whether human preoligodendrocytes respond to these 
factors in a similar manner, cultures enriched in human OL cells 



4578 Qogate et al. • Plasticity in Adult Human Oligodendrocyte Lineage 



I 30- 



< 

Z 20 

o 

c 

(0 

= 10 



o 



■ Oligo 
^Preoligo 
QType 2 A 



26 



FGF 



Control 



B 

_g80 
c 

<60 



0FGF 
□Control 



ZZL. 



■ 



2 

biopsy 



I 



170 



OlOO 

ha 

E 



Preoligo 
Ollgo 



FGF 



FGF 
PDGF 



X 



PDGF Control 



330 
|300 

S25O 

I , 
»200i 

a 

=5 150 



-100 

o 



■Control 

EFGF/PDGF 



352 
?64 



13 



Primary Enriched 




Figure 4. Absence of mitogen ic effecl of bFGF and PDGF in OL cells in primary (£). H) and enriched cultures (A-F), In all the experiments 
shown here the cells were labeled with tritiated thymidine before being fixed and triple labeled for04/GC and GFAP to analyze antigenic phenotypes 
and cells in mitosis. Data on DNA synthesis are shown in A, B, and E-H, but not in Cand D. A, Al 4 d, no preoligodendrocytes and oligodendrocytes 
were found in DNA synthesis after a 2 d pulse with tritiated thymidine in contrast to type 2 astrocytes, which can divide independent of bFGF 
treatment. The numbers are percentage of cells in DNA synthesis in one representative dish of biopsy 4. B. bFGF significantly enhances DNA 
synthesis in human type 1 astrocytes. The tritiated thymidine pulse lasted 3 d in biopsies 1 and 2 and 6 d in biopsy 3 cultures. The percentage of 
human type 1 astrocytes dividing in the presence of bFGF is 2.5-6 times that seen in control. C bFGF, with or without PDGF, but not PDGF 
alone, maintains a significant number of preoligodendrocytes in low-density cultures after 10 d. After such time in vitro, the majority of the 
regenerating cells arc GC-expressing oligodendrocytes in all growth factor conditions and in the presence of 50 ng/ml of insulin. (None of the 
preoligodendrocytes or oligodendrocytes were thymidine labeled after a 3 d pulse; not shown.) Triplicate cultures were analyzed and error bars 
represent the SD, D, PDGF and bFGF together with tritiated thymidine were added at the lime of white matter dissociation as well as after reseeding 
for a total of 7 d. (Only one GC/04 cell was found to incorporate thymidine in the primary cultures; not shown.) In the enriched cultures, this 
cariy factor treatment results in a 50-fold increase of preoligodendrocytes over control, although none of these cells were thymidine labeled (not 
shown). The bars represent the mean of cell counts in two dishes and the raw numbers are indicated above the bars. E and F, 04+ (£)/GFAP+ 
(F) type 2 astrocyte in DNA synthesis {/ong arro^v) is seen 5 d after reseeding and constant pulsing with tritiated thymidine in control medium 
without bFGF. Short arrow indicates 04+ cell with no thymidine incorporation. G and //. At 2 d in primary cultures treated with PDGF and 
bFGF, scattered preoligodendrocytes (04+ only, short arrow) and oligodendrocytes (04+/GC+ in center) sometimes have long processes, but one 
GC+ oligodendrocyte in the right upper corner does not have any. There is no thymidine incorporation after a 2 d pulse. Triple tmmunolabeling 
04, GC, GFAP. (The GFAP stain is not shown as it was negative on these cells.) Magnification {E-H), 206 x. 



Figure 5. bFGF stimulates growth of processes in enriched and purified cultures of human OL cells. A-D. Purified cultures of OL cells were 
maintained in control medium or treated with 10 ng/ml bFGF I d after reseeding and fixed 7 d later before staining by triple immunofluorescence 
for 04/GC/GFAP. In the absence of bFGF. most cells are round or with short processes and express both 04 and GC {A, B). Short white arrow 
points to one of the rare cells in the field that expresses 04 and little GC. In the presence of bFGF, most 04+ cells have grown long processes 
(O- Some of these cells are preoligodendrocytes (04+ only, long white arrows) whik others have one or more GC patches, but only on the cell 
body (A short white arrows). Short black arrow points 10 a rare cell having bright GC staining all over the cell body while its processes are 04 
only (O- No GFAP astrocytes were detected in these fields (not shown). Magnification, 206 x . £ shows the proportion of round cells and processed 
cells counted in dishes of cultures enriched in OL cells and stained by triple immunofluorescence. The bars show the mean of cell counts in two 
dishes with the raw numbers indicated above the bars (there was only one control dish in biopsy 5). Cultures treated with 5 ng/ml of bFGF (in 
medium with 50 ng/ml insulin for 4 d) showed over a threefold decrease in the number of round cells compared to the controls. Note that there 
is no significant difference in the number of total cells in each condition. A 2 d (biopsy 4) and 3 d (biopsy 5) pulse with tritiated thymidine was 
done before fixing the cultures and revealed no DNA synthesis in preoligodendrocytes and oligodendrocytes (see Fig. 4/1 on biopsy 4). F, Cultures 
of purified OL cells stained as shown in A-D were analyzed as in E but after 7 d of bFGF treatment at 10 ng/ml. As with cultures enriched in OL 
cells, a similar decrease in round cells, increase in processed cells, and absence of DNA synthesis after a 2 d pulse with tritiated thymidine were 
observed. 




Biopsy 4 Biopsy 5 
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Finite 6. bFGF enhanced regeneration and expression of developmen tally regulated genes in cultured human OL cells. A shows early growth of 
processes in the presence of 5 ng/ml of bFGF by cells expressing 04 antigen only (upper, arrow, red) or 04/GC {iower arrow, r^rfand f^reen). There 
are several round cells labeled with GC in ^reen and devoid of processes. Triple immunofluorescence for 04/GC/GFAP and triple exposure (see 
Materials and Methods). Magnification. 312x. B-F, Expression of MBP transcripts is shown in 04+ OL cells grown with 5 ng/ml of bFGF (5, 
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were treated with PDGF and bFGF in the presence of low levels 
of insulin (50 ng/ml) to avoid IGF-I receptor signaling and at 
low-density seeding to minimize the influences of growth factors 
derived from other cell types (Fig. 4C). In such conditions, the 
majority of the cells became GC+ oligodendrocytes after 10 d 
in vitro. However, a substantial proportion of prcoligodendro- 
cytcs persisted in cultures treated with bFGF/PDGF or bFGF 
alone, confirming the observation that bFGF favors the devel- 
opment of prcoligodcndrocylcs in vilw (Armstrong et al., 1 992). 
However, neither preoligodendrocytes nor oligodendrocytes in- 
corporated tritiated thymidine during a 3 d pulse in these ex- 
periments. A slightly higher (although not significant) number 
of total OL cells was observed in growth conditions with PDGF 
(Fig. 4C), suggesting a slight enhancement of cell survival by 
this factor as described in the newborn rat optic nerve (Barres 
et a!., 1992). 

Primary cultures contain rare oligodendrocytes, preoligoden- 
drocytes, and type 2 astrocytes bearing processes (Fig. 46.7/). 
Such processes were probably not sheared during white matter 
dissociation or grew in response to signals from other cell types. 
To investigate whether preoligodendrocytes and/or oligoden- 
drocytes can divide during the first 2 d in vifrcK PDGF and 
bFGF were added at the start of the primary culture right after 
dissociation and rcfcd to the resecdcd cultures from. 2 to 7 d in 
the constant presence of tritiated thymidine. Such treatment 
caused a slight increase in the relative number of prcoJigoden- 
drocytcs over controls in primary cultures at 2 d (Fig. 40), but 
DNA synthesis was observed (Fig. 40. H) in only one oligoden- 
drocyte of four cultures examined. This growth factor treatment 
appears to prime the nonadherent OL cells to regrow processes 
promptly (sec below) and acquire the preoligodendrocyte phe- 
notype after reseeding. There was indeed a ^50-fold increase 
in preoligodendrocytes over controls 5 d after reseeding (Fig. 
4D). No DNA synthesis was observed in these OL cells pulsed 
for 7 d. 

bFGF enhances regeneration of processes by human OL cells 
and the development of preoligodendrocytes in vitro 

Yongand Aniel (1 992) described how, at 24 hr, 70-80% of the 
cells floating in primary cultures are oligodendrocytes. In our 
primary cultures examined at 2 d, rare oligodendrocytes were 
detected and expressed GC even when they had not grown pro- 
cesses (Fig. 4H). Similarly, in enriched OL cultures from 4 to 
7 d, most OL cells initially maintained a round shape and ex- 
pressed both 04 antigens and GC on their surface, suggesting 
that the majority of cultured cells are oligodendrocytes stripped 
of their myelin sheath (Figs. 5.1./?; 6^)). A few cells slowly grew 
processes in the first week and these expressed both 04 and GC 
, (Figs. 5AM\ 6/1). The addition of 5-10 n&'ml of bFGF dra- 



matically accelerated the regeneration of processes bearing 04 
antigens but not GC on their surface (Fig, 5C,D). The early stage 
of such bFGF effects is illustrated in Figure 6.4. where the ma- 
jority of the cells are still round and expressing GC (in green) 
while two cells with processes in the field are almost entirely 
04+ (Fig. arrows). Progressively, however, most OL cells 
acquired 04+ processes (Fig. 5/1. C) and lost GC immunoreac- 
tivily on the cell body (compare Fig. 5, B and /)), leaving only 
occasional GC patches (Figs. 5C,D\ ^A). Thus, these regener- 
ating OL cells have characteristics of preoligodendrocytes. The 
bFGF effect was quantitated by comparing the numter of 04+ 
round cells showing no growth of processes to the number of 
04+ cells with processes. At 4 d, bFGF-ireated enriched OL 
cultures showed a three- to fourfold decrease in the number of 
round cells and a corresponding increase in processed cells as 
compared to controls (Fig. 5E). However, the total number of 
04+ OL cells (round and with processes) was not significantly 
different after bFGF treatment as compared to controls, indi- 
cating that bFGF is not acting as a survival factor at this stage 
(Fig. 5^:). MTT assays confirmed that viability of both round 
and processed cells was not significantly enhanced by bFGF 
(data not shown). bFGF is likely to act directly on OL cells, as 
cultures of purified OL cells obtained after a Percoll gradient 
and containing only 0.1-0.2% astrocytes showed the same in- 
duction of process growth in response to bFGF (Fig. SC,D,F). 
The effect of bFGF on process growth at 4 d was not influenced 
by the levels of insulin (data not shown). 

As described beforc (Armstrong et al., 1 992). bFGF increased 
the relative number of preoligodendrocytes (04 + , GC- cells) 
without increasing the total number of OL cells. In the scries 
of human white matter cultures studied here, we regularly found 
eight to 10 limes more preoligodendrocytes in bFGF-ireated 
cultures than in control (Fig. 4C). We then investigated whether 
bFGF enhances the expression of developmentally regulated 
genes in 04+ cells. 

bFGF enhances gene expression in cells of the hitman 
oligodendrocyte lineage 

In cultures treated with bFGF for 7 d, MBP exon 1 probe de- 
tected abundant transcripts in both soma and processes of OL 
cells (Fig. 6Dy (As mentioned above, the double immunope- 
roxidase///? situ hybridization method does not allow discrim- 
ination between preoligodendrocytes and oligodendrocytes as 
both types of cells bind the 04 antibody.) In contrast, total MBP 
transcripts were located mostly in the ceil body of OL cells in 
control cultures at that time (Fig. 6D). MBP exon 2 probe also 
detected transcripts restricted to the OL cell body with less 
intense signal in the absence of bFGF (Fig. 6F). The number 
of OL cells with processes containing exon 2+ and total MBP 



C. t ) or without bFGF (D, F) for 7 d. Immunoperoxidase labeling of 04 antigens {brown) was performed before in situ hybridization for MBP 
exon 1 or MBP exon 2 {black silver grains). In bFGF-treatcd cultures at 7 d {B. C), there were abundant transcripts detected with both MBP exon 
I (/?) and MBP exon 2 (C) probes in OL cells. Mature MBP transcripts were detected along the cell processes (5) while MBP exon 2 transcripts 
were mostly restricted to the cell soma (C). In contrast, in control cultures (D. F) exon 2 transcripts appear less abundant in round cells {F) and 
even mature transcripts are mosUy localized in the cell body (£)). When bFGF-treated cultures were hybridized with sense probes (£"; MBP exon 
2), 04^ cells showed only background signal. Bright field. Magnification. 747x. (7 and H, MyTI expression is stimulated by bFGF ireaimeni in 
a dose-dependent manner at 7 d. Cells were not immunolabelcd with 04 antibody in this case but counterstaincd with hematoxylin to show the 
nuclei. Both the frequency of cells with MyTI transcripts as well as the intensity of grains/cell were higher when cells were treated with bFGF 5 
ng/ml {H) as compared to 0.5 ng/ml (C). [The number of MyTI-positive cells seen in control medium (not shown) was similar to that shown in 
a.] The transcripts appear localized only in the cell body, although processes in G are not distinct in the absence of 04 labeling- Bright-field 
photographs. Magnification, 747 x . 
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Figure 7. Quantitative analysis of the efiecLs of bFGF on gene expression in cultures enriched in OL cells at 7. and 14 d. ^, At 7 d, the ratio of 
OL cells expressing MBP transcripts is strongly increased by bFGF and is dose dependent with a peak in cxon 1- and exon 2-positivc cells at 5 
ng/ml. Note that the ratio of cells with exon 2 MBP transcripts is always slightly lower than that of cells binding the MBP exon I probe. Cultures 
were fed with medium containing 50 ng/ml insulin and increasing doses of bFGF before fixation and hybridization at 7 d. Bars represent mean of 
two dishes from one biopsy for each dose with raw numbers shown above the bars. At 14 d, a large majority of OL cells express MBP transcripts 
in both control and bFGF-trealed cultures. Yet, in control, the MBP exon 2-containing transcripts have almost disappeared while they persist in 
over three-fourths of the cells after this long bFGF treatment. Cultures were fed with medium containing 5 micrograms/ml of insulin and 10 ng 
of bFGF for 2 weeks before fixing, 04 immunolabeling, and hybridization. Bars represent mean of two dishes from one biopsy with raw numbers 
shown above the bars. C After 7 and 1 4 d in culture, the majority of OL cells contained PDGFaR transcripts regardless of the presence of bFGF. 
Data are from duplicate cultures from two different biopsies, with SD. 



transcripts was Ihen counted in cultures treated or untreated 
with bFGF (Fig. 7/1). After 7 d, bFGF induced an approximately 
fivefold increase in the number ofOL cells expressing MBP 
transcripts, and this response was dose dependent with a max- 
imal response at 5 ng/ml and a decrease to control levels at 50 
ng,^ml (Fig. lA). In addition, only 15-20% of the round cells 
which had not yet regrown processes in control cultures con- 
tained MBP transcripts— mostly of the cxon 2 type— just as seen 
with processed OL cells (Fig. 7.1). This ratio was only slightly 
increased in round OL cells in bFGF- treated cultures, indicating 
a coupling between the regrowth of processes and enhanced 
MBP gene expression induced by bFGF. In both control and 
bFGF conditions, the number of OL cells binding MBP exon I 
probe was slightly higher than the number of OL cells positive 
with exon 2 probe (Fig. lA), suggesting that, at 7 d. the majority 
ofthe cells expressing MBP contained mostly MBP exon 2 tran- 
scripts. 

These experiments with bFGF were performed in the presence 
of low levels of insulin to minimize signaling of the IGF-I re- 
ceptors. We then studied the effects of high insulin levels on 
MBP transcript expression in the presence or absence of bFGF 
(Fig. IB). Striking differences between these two growth con- 
ditions were seen at 14 d. A high ratio (mean of 80.5%) of OL 
cells binding the MBP exon I probe was found in controls and 
bFGF-trcatcd cultures (mean 85.5%) but, in the absence of bFGF, 
very few OL ceils expressed MBP exon 2 iranscripls, indicating 
that oligodendrocytes mostly contained mature alternatively 
spliced MBP transcripts. In contrast, most bFGF-treated OL 
cells still expressed exon 2-conlaining MBP transcripts after 2 
weeks. (Fig. 7B). When cultures were maintained in bFGF and 
low insulin for 2 weeks, most MBP transcripts contained cxon 
2 information, but the ratio of OL cells expressing MBP tran- 
scripts was much lower (26-40% in two biopsies; data not shown). 



These results suggest that high levels of insulin are needed for 
expression of MBP iran.scripis in most cells and that prolonged 
treatment with bFGF inhibits accumulation of alternatively 
spliccxi MBP transcripts and maintains OL cells in a premye- 
linating stage. 

MyTI expression was also enhanced by bFGF in OL cells in 
vitro (Fig. 6(7.//). bFGF at 5 ng/ml induced a two- to threefold 
increase ofthe number of cells expressing these transcripts at 7 
d (in one biopsy, 10% ofthe OL cells contained MyTI transcripts 
in control vs 27% in bFGF; another biopsy had 29% OL cells 
expressing MyTI in control and 62% in bFGF-trealcd cultures). 
Besides, individual cells often showed more intense labeling 
when compared to cultures treated with 0.5 ng/ml of bFGF (Fig. 
6<7.//). Interestingly, bFGF appears to also con.siderably in- 
crease the number of OL+ cells expressing PLP transcripts at 
7 d (from 22% in control to 77% in bFGF in one biopsy), 
indicating that bFGF could enhance early expression of this 
major myelin gene during oligodendrocyte regeneration in vitro. 
As with MBP mature transcripts, prolonged bFGF treatment 
did not allow sustained expression of PLP (the ratio of OL cells 
expressing PLP went down from 77% to 29% between 7 and 1 4 
d in low insulin). In contrast, PDGFaR mRNAs were not in- 
fluenced by bFGF treatment, staying high even at 14 d (Fig. 
7C). Thus, bFGF strongly enhances expression of the two major 
myelin genes as well as MyTI in regenerating human oligoden- 
drocytes during the first week in vitro. Eventually, however, 
IGF-I receptor signaling is required for full differentiation. 

Discussion 

In the present study, we show that the myelinated human brain 
contains cells expressing genes characteristic of an early stage 
of oligodendrocyte development. The in vivo analysis indicates 
that 1-2% of OL cells express PDGFaR transcripts. This re- 
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lugure 8. Schematic representation of the regeneration of cells of the adult human oligodendrocyte lineage in vitro. When OL cells are separated 
from the intact myelinated white mailer and put in culture, the large majority of these cells are round GC+/04+ oligodendrocytes stripped of their 
myelm mtemodes, while rare preoligodendrocytcs with processes can also be identified at 2 d in vitro. During the first week in vitro. bFGF accelerates 
process regeneration of OL cells, favors the preoligodendrocyle phenotypc, and the expression of MyTI and exon 2 MBP mRNAs isoforms (dotted 
cell body) characteristic of a pre- or remyelinaiing stage. During the second week in vitro, high insulin levels-triggering the IGF- 1 receptor- lavor 
expression of PLP transcripts and mature MBP mRNAs characteristic of the myelinating stage (squares in cell body indicate PLP transcripts and 
dotted matrix reflects the presence of MBP ti-anscripls in the processes). It is unclear why transcripts for PDGF receptor a (not shown in scheme) 
are highly expressed in most OL cells during the first 2 weeks in vitro although PDGF (and/or bFGF) does not stimulate mitosis in these cells 



ceplor is known to mediate important signaling events in rat 
oligodendrocyte developmcni. Similaily. 1-2% ofOL cells, which 
may overlap with those expressing the PDGFrtR gene, contain 
iranscripts for MyTI, a transcription factor binding to the pro- 
moter of the PLP gene. These putative precursor cells were 
scattered through the subcortical and cortical regions and, in 
one of the brain specimens, they were found in clusters in the 
periventricular region. A much larger proportion of OL cells 
( 1 5-20%) expresses early developmental forms of the MBP tran- 
scripts (MBP exon 2+) characteristic of the pre- and remyeli- 
nating stage. When OL cells were separated from the myelinated 
while matter and grown in enriched cultures for I week in vitro, 
OL cells more often expressed genes characteristic of the pre- 
cursor stage than /// vivo, while expression of myelin genes was 
transiently decreased (Fig. 8). There are two possible interpre- 
tations for this observation. Either our in in vitro system favored 
the growth of OL cells at an immature or pre myelinating stage, 
or the majority of OL cells regenerating /// vitro were oligoden- 
drocytes that showed enhanced expression of genes character- 
istic of oligodendrocyte progenitors and transient downregula- 
tion of myelin gene transcripts. We favor the latter hypothesis 
because a large number of GC+ cells without processes were 
detected in the first days in vitro. bFGF, a cytokine known to 
promote diverse growth processes in neural cells, accelerated 
the regeneration of human oligodendrocytes in vitro, enhancing 
the rcgrowth of processes and favoring the preoligodendrocyle 
phcnoiype. bFGF also increases the number of cells expressing 
eariy MBP messages as well as transcripts for MyTI and PLP. 
These events occur in the virtual absence of DNA synthesis or 
enhancement of ceil survival. 

In rat postnatal development, PDGFcvR transcripts are spe- 
cifically expressed in 0-2A progenitors and not by other glial 
cells or neurons (Pringle ei al., 1992). PDG Fa R- positive cells 
are first seen in the subventricular zone at the comer of lateral 



ventricles at embryonic day 18. and are detected later in the 
forming while, matter where cells bearing antigens specific for 
oligodendrocyte progenitors are also identified (LeVine and 
Goldman. 1988; Hardy and Reynolds, 1991). PDGFrtR-posi- 
tive cells are also found in the postnatal rat cerebral cortex where 
cells reacting with 04 antibodies are present (Yeh el al.. 1993). 
In the adult rodent CNS, oligodendrocyte precursors are rare 
and can be identified in the intact white matter by their mor- 
phology, ultrastructure, antigenic phenolype, and slow renewal 
rate that can be accelerated in remyelination (McCarthy and 
Leblond, 1988; Godfraind et aL, 1989; Levine et al., 1993; 
reviewed in Wood and Bunge, 1984; Ludwin et aL, 1989). The 
finding of a population of radiosensitive mitotic glial cells in 
the adult rat cerebral cortex suggests that cortical regions may 
also harbor oligodendrocyte precursors (Reyners et al., 1986). 
The scattered PDGF«R-positive ceils detected in the adult rat 
brain appear to correspond to 0-2A adult progenitors and/or 
their newly differentiated progeny (Pringle et al., 1992). Thus, 
in both rat and human aduh CNS, PDGFaR is expressed in a 
rare population of cells scattered evenly through the cortex and 
white matter and probably corresponding to adult 0-2A pro- 
genitors or preoligodendrocytes. 

The distribution of MyTI-positive cells in the adult human 
CNS is virtually identical to that of PDGFcvR. MyTI, a novel 
member of the zinc finger superfamily, appears also to define a 
particular stage in oligodendrocyte development (Kim and Hud- 
son, 1992; Armstrong et aL, 1993). The expression of MyTI in 
the nervous system precedes the induction of the PLP gene, 
which is its presumptive in vivo target. MyTI iranscripts and 
protein are abundantly and specifically expressed in neonatal 
rat 0-2A progenitors in vitro, with decreasing signals as oligo- 
dendrocytes mature (Armstrong et al., 1993). Although the ob- 
servation of groups of MyTI- and PDGFffR-posilive cells in the 
subventricular zone of one patient needs to be confirmed, it 
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suggests thai this zone as well as the conical and subcortical 
regions could be a source of oligodendrocyte precursor cells in 
the human adult CNS. The subventricular zone persists in the 
adult rat CNS as a mlioiically active layer thai could provide a 
reserve of cells in pathological conditions when repair is needed 
(Privaiand Leblond. 1972; Morsheadand van dcr Kooy, 1992). 
The similar rare occurrence and scattered distribution of cells 
expressing MyTI and/or PDGFaR transcripts in the human 
myelinated white matter and cortex as well as their overlapping 
localization in the subventricular zone suggest that these two 
genes may be expressed in the same cells. Whether or not this 
population of cells undergoes a slow continuous turnover in the 
human brain cannot be evaluated. 

Many more OL cells of the adult human brain express MBP 
exon 2 transcripts than PDGFftR or MyTI. This subpopulation 
may consist of oligodendrocytes having already assembled my- 
elin intcrnodcs and responding to various stimuli by enhanced 
synthesis of early transcripts. This enhanced expression is not 
unique to epileptic patients, as the three nonepilcptic tissues 
examined showed similar proportions of cells with MBP exon 
2 transcripts. Alternatively, such transcripts may be expressed 
in OL cells that have not yet started to myelinate axons (Aliin- 
quatn et al., 1991). In favor of this hypothesis is the simulta- 
neous occurrence of a less differentiated stage and an increase 
in MBP exon 2 transcripts in OL cells treated with bFGF in 
vitro. Interestingly, MBP exon 2 transcripts were more restricted 
to the cell body of cultured OL cells while messages detected 
by the MBP exon I probe were already in the processes at 7 d. 
MBP exon 2 sequences could inhibit mRNA transport in a cis 
fashion by blocking the binding of a protein involved in active 
transport of transcripts to the processes. The ultimate destina- 
tions of the MBP transcripts are the oligodendrocyte processes 
where MBP-synthesizing polysomes are placed close to the site 
of insertion of MBP in the oligodendrocyte and myelin mem- 
brane (Cblman et al., 1982; Zeller et aL, 1985; Trapp et al., 
1987; Jordan et al.. 1989a; Allinquant et al., 1991). Enhance- 
ment of MBP exon 2 expression by bFGF treatment during the 
first week in vitro appears correlated with a rcprogramming of 
myeli nation in regenerating human oligodendrocytes in vitro. 
The bFGF-induced increased expression of MyTI and PLP at 
7 d is probably a reflection of the same reprogramming. With 
lime, however, these regenerating oligodendrocytes will go on 
to express GC and synthesize mature MBP transcripts and PLP, 
a process favored by high levels of insulin (Figs. 3/s, IB). Sim- 
ilarly, IGF-1 increases by 1 0-fold the levels of 2'3'-cyclic nucle- 
otide 3'-phosphohydrolase mRNA in purified rat oligodendro- 
cyte cultures after a week of treatment (Meyer et al., 1993). 
Taken together, these observations suggest that different growth 
factors are required to trigger final differentiation of human 
oligodendrocytes, just as seen in rat oligodendrocyte develop- 
ment (reviewed in Dubois-Dalcq, 1993). 

While both rat and human adult 0-2 A progenitors are char- 
acterized in vitro by their complex shape, 04 reactivity, and 
absence of vimentin (ffrench-Constant and Raff, 1 986; Wolswijk 
and Noble, 1989; Armstrong ei al., 1992; Wren et al., 1992), 
they differ strikingly in their self-renewal capability in response 
to PDGF and/or bFGF. Rat adult 0-2A progenitors derived 
from optic nerve respond to PDGF AA by mitosis, while PDGF 
and bFGF together convert these slowly dividing adult progen- 
itors into rapidly dividing cells closely resembling neonatal pro- 
genitors (Wolswijk et al., 1 99 1 ; Wolswijk and Noble, 1992); In 
contrast, cultured human preoligodendrocytes and oligoden- 



drocytes failed to respond to PDGF AB and A.A by mitosis even 
in the presence of bFGF (Yong et al., 1988; Armstrong et al., 
1992; present results). Vet the primate brain expresses both the 
PDGF ligand and receptors (Sasahara et al., 1991; R. Mc- 
Kinnon, personal communication; present results), indicating 
that PDGFaR-expressing cells could respond to PDGF. Ex- 
pression of PDGFaR transcripts in cultured OL cells derived 
from adult human brain was not upregulated by bFGF as seen 
in rat neonatal progenitors (McKinnon et al., 1990). The ap- 
parent downregulation of PDGFaR expression in most OL cells 
in r/vi; contrasts with the presence of transcripts for this receptor 
in the majority of OL cells regenerating in vitro and suggests an 
important role for this receptor in regeneration of adult human 
oligodendrocytes. Assuming that PDGF^R protein is also ex- 
pressed in human OL cells, PDGF«R could signal migration 
rather than mitosis of regenerating oligodendrocytes, a possi- 
bility that can be explored in our in vitro system. PDGF is not 
essential to survival of human adult oligodendrocytes in contrast 
to developing OL cells, which are much more dependent on 
survival factors (Barres et al, 1992). 

Unlike rodent oligodendrocytes, human OL cells might be 
able to shift back their differentiation program without reen- 
tering the cell cycle. Adult rat spinal cord oligodendrocytes can 
indeed dedifTerenliatc into 04 precursors and actively divide 
when cocultured with purified rat dorsal root ganglia (DRG) 
neurons (Wood and Bunge, 1986, 1991). In contrast, cocuiture 
with rat DRG neurons or neuroblastoma cell-derived factor(s) 
does not trigger significant DNA synthesis in human oligoden- 
drocytes and/or preoligodendrocytes (Glaser, Zhou, Bottenstein, 
Dubois-Dalcq, unpublished observations). In rat OL develop- 
ment, forward progression in the lineage can sometimes be re- 
versed, indicating plasticity of OL progenitor cells (Pfeiffcr et 
al., 1993). Similarly, approximately one-third of GC+ human 
oligodendrocytes maintained for 8 d in defined medium can 
shift back to the preoligodendrocyte phenolype after 9 d in 
bFGF (Dubois-Dalcq et al., unpublished observations). In MS, 
oligodendrocytes are destroyed in areas of active myelin break- 
down but these lesions are later repopulated by *'undifferen- 
tiated" oligodendrocytes prior to remyeli nation. Yet, in these 
extensive neuropathological studies, no mitotic figures in such 
cells have been described (reviewed in Prineas et al., 1993), and 
immunoiabeling for the proliferating cell nuclear antigen in MS 
plaques very rarely stains oligodendrocytes while several en- 
dothelial cells and macrophages were labeled (C. S. Raine, per- 
sonal communication). Also, early lesions often are well re- 
myelinated while subsequent ones may show only partial 
remyelination. 

What then is the origin and pool size of the remyelinating 
cells in the human CNS? The observations presented here prompt 
us to propose that there is only a small pool of preoligodendro- 
cytes in the adult human brain that can repair the first wave of 
lesions in a demyelinating disease. These cells may not be able 
to divide but may migrate toward naked axons, possibly through 
PDGF signaling, and be induced to differentiate. Alternatively, 
they may respond to an as yet unidentified factor by mitosis. 
On the other hand, human oligodendrocytes show remarkable 
phenotypic plasticity as, once deprived of their myelin sheath, 
they may revert to a preoligodendrocyte phenotype and reset 
their myelination program. Such a process could be accelerated 
by bFGF. whose synthesis might be enhanced in and around 
demyelinating lesions. In experimental demyelination, an in- 
crease in expression of aFGF, a related member of the FGF 
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family, coincides with cell repopulation preceding remyelinalion 
(Tourbah et a!., 1992). 

The reexprcssion or enhanced expression of exon 2 MBP 
transcripts in regenerating oligodendrocytes may turn out to be 
a key step in efficient repair of myelin in MS. Exon 2 MBP 
transcripts are indeed dramatically increased around demyelin- 
aiing lesions in a virus-induced dcmyelinating disease of mice, 
and this enhanced MBP expression precedes CNS remyelination 
(Kristensson, 1986; KristenssoneiaL 1986; Jordan el al., 1989b, 
1990). Yet the immune system may react to these regenerating 
events, as evidenced by recent studies in human. Human MBP- 
spccific T cell lines (TCLs) recognizing immunodominant epi- 
topes of MBP can be established from both MS patients and 
controls. T cell lines specific for MBP exon 2 peptide were 
derived from three MS patients as well as from one healthy 
control, indicating that autoantigens other than the major iso- 
forms of myelin proteins could be potential targets of a T cell- 
mediated immune process (Voskuhl et al., 1993a). When three 
mcmljers of a multiplex family were examined, the one member 
with chronic progressive MS showed the highest frequency of 
exon 2-si>ccific TCLs as compared to a normal and a less pro- 
gressive case in the family (Voskuhl et ah, 1993b). These dif- 
ferences in MBP exon 2 responsiveness were observed only with 
this specific peptide and not with the mature 18.5 K MBP devoid 
of exon 2 sequences. Thus, the immune response to MBP exon 
2 peptide may contribute to disease progression in MS by in- 
terrupting the process of remyelination or attacking regenerating 
oligodendrocytes and/or freshly made myelin. Our observations 
point to the importance of understanding mechanisms of oli- 
godendrocyte regeneration at the cellular and molecular levels 
to provide an integrated picture on how myelin can be repaired 
and maintained in the face of an ever evolving immune response 
to myelin proteins. 
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